As part of a major European research project into wave overtopping at coastal structures, overtopping discharges have been measured at full-scale on a vertical seawall in Southeast England. The measurement site, Samphire Hoe, is an area of reclaimed land just west of Dover on the English channel coast, and is an ideal location for monitoring overtopping. The site is described in detail, and the design and operation of the measurement equipment are also outlined. Overtopping was measured on three occasions and the storms and their results are discussed. It is shown that the field measurements compare well with empirical prediction methods by Besley (1999) and Bruce et al (2001) . Additional discussion interprets the hazardous nature of each of the storms.
Introduction
The processes of wave overtopping of seawalls are not yet understood fully, particularly those that may cause risks to people close behind seawalls. There remain important gaps in knowledge, despite significant improvements in recent years. To help reduce uncertainties in the prediction of coastal flooding, HR Wallingford (HRW) were commissioned under the CLASH research project to help develop improved prediction methods for use by coastal engineers . CLASH ("Crest level assessment of coastal structures by full scale monitoring, neural network prediction and hazard analysis on permissible wave overtopping") comprises 13 European partners at universities and research institutions, and a substantial amount of this work involves the collection of field data on overtopping and subsequent testing in the laboratory (see http://www.clash-eu.org). A particular motivation for this research was the suggestion by earlier research in another EC project, OPTICREST, that there might be unexpected scale effects in some hydraulic modelling in which small-scale tests might under-predict overtopping at full scale. While these suggestions were not subsequently supported by large scale tests on vertical and battered seawalls by the VOWS ("Violent overtopping by waves at seawalls") team in the large flume at Barcelona, see Pearson et al. (2002) , it is clear that this uncertainty could have substantial impacts.
The results of the CLASH project are intended to benefit citizens in low lying and populated coastal regions, who depend critically on the performance of coastal structures for defence against storm surges, wave attack, flooding and erosion. Continuing sea level rise and climate change emphasis the need for reliable and robust predictions of overtopping hazards as higher storm surges and more severe storms may lead to flooding. The CLASH project will produce generally applicable prediction methods on the required crest height of most coastal structure types, based on permissible wave overtopping and hazard analysis. Within CLASH, HRW were committed to a programme of full scale measurements of wave overtopping at the seawall protecting the Samphire Hoe reclamation, Kent, England. Other CLASH field measurements have been carried out at Zeebrugge in Belgium on a breakwater armoured with Antifer cubes , and a rock armoured breakwater at Ostia in Italy (Franco et al., 2003) . The work involved in the design of the overtopping equipment, the methodology, and the first winter's field measurements and analysis at Samphire Hoe are described in this paper. A fuller report is given by .
Samphire Hoe
Samphire Hoe, shown in Figure 1 where the study area has been boxed, is located in the Southeast corner of England immediately to the west of Dover, and is an area of reclaimed land comprising 4.9Mm 3 of chalk marl excavated from the Channel Tunnel. The area of approximately 300,000m 2 is enclosed by a vertical seawall with a crest level at +8.22(mODN) and a toe level at -2.42(mODN). To the top of the seawall is a 1.25m parapet wall fronting a 25m stepped promenade where the field monitoring equipment is deployed (see Figure 2) . Samphire Hoe, which is owned by Eurotunnel, has been landscaped and is operated by the White Cliffs Countryside Project as a public recreational area. The reclamation is exposed to waves from the southwest and southeast, and is subject to overtopping by spray (often termed white water overtopping) on approximately 30 days per year as a result of waves breaking over the rubble toe berm and impacting on the seawall face (see Figure 3) . Whole wave overtopping (usually termed "green water overtopping") is also observed regularly.
HRW has a long standing relationship with the management of the Samphire Hoe site, and has designed and implemented over six years an overtopping hazard warning system using tailored input data from the UK Met Office, see Gouldby et al. (1999) . These systems use forecasts of wind speed and direction with predicted tide and surge levels, to predict potential occurrences of hazards from wave overtopping. This system does not use direct calculations of overtopping discharges, but has been steadily refined over 5 years of operation, using hourly observations of hazard from overtopping, categorised as low, medium or severe, and recorded by on-site personnel who are responsible for the safety of the public. The site is, therefore, an ideal location to set up a programme of field measurements. In particular, the existing hazard warning system facilitated the identification of potential storms prior to the deployment of the field monitoring equipment. 
Field Monitoring Equipment
The principal objective in the design of the field monitoring equipment, was to be able to capture sufficient overtopping discharges across the promenade to determine with sufficient accuracy both the total volume and the spatial distribution. As can be seen from Figure 3 , the overtopping discharge is distributed over a wide area and it would clearly have been impracticable to attempt to capture all of this discharge. Moreover, certain constraints were imposed on HRW by the site owner that prevented the placement of tanks in certain areas. Also, the equipment had to be transported to the site and installed on each visit, and so it had to be handled easily, constructed quickly and be easily transportable.
The main pieces of equipment for measuring the overtopping, were three volumetric tanks placed across the promenade of the seawall. The first tank was placed directly behind the parapet wall, and the others were placed inline with the first on the first and second steps of the promenade. This arrangement, along with the control box attached to the rear of the parapet wall, can be seen in Figure 4 . Each of the three tanks are divided into two compartments, each with a nominal capacity of 240 litres, and equipped with 350mbar Druck PTX1830 pressure transducers for measuring the head of water in each compartment. The collected data were recorded at 4Hz on a dataTaker DT800 logger housed in the control box. This was equipped with a 64Mb Compact Flash memory card, and controlled from a laptop via an RS232 radio modem link. The whole arrangement was battery powered, and a total of 36 hours total recording time was possible. The overtopping discharges captured in the tank compartments were allowed to drain freely, and so it was necessary only to capture the instantaneous head in each compartment following each individual overtopping event. This was necessary because the compartments would fill in a very short period during extreme conditions, but more particularly, it enabled the individual wave-by-wave discharges to be determined. This required that two principal criteria were met. Firstly, that none of the overtopping compartments should ever overfill, and secondly, that the compartments should have sufficient capacity to accommodate the maximum anticipated discharges. To facilitate the requirements for these criteria, it was necessary to estimate the likely overtopping discharges and distribution of the overtopping in advance. Once this had been established it was possible to determine the size and the number of discharge holes in each tank compartment and then calibrate them.
The hazard warning system, described above, devised by HRW provided details of storms where overtopping had taken place, giving wave height, period, wave direction and water levels. An example scatter plot of wave heights and tide levels where overtopping has occurred at Samphire Hoe between October 2000 and March 2002, is shown in Figure 5 . These data, and the data for the wave period, were fitted to an approximate normal distribution and the values with the highest probability of occurrence were used to establish a design wave condition. Overtopping discharge varies considerably with the water level in front of the structure, both the type of overtopping (pulsating or impacting) and the rate of discharge. Besley's (1999) method for a composite vertical wall was used to calculate maximum and peak overtopping discharges for a range of water levels from the top of the berm up to Mean High Water Springs (MHWS, refer to Figure 2 ) using the design wave condition. With a design overtopping discharge rate and associated peak volume the next stage was to determine how this might be distributed across the promenade. There is very little guidance currently available that describes how overtopping is distributed spatially, as most research has focussed on predicting mean overtopping rates for simple structures. Jensen & Sorensen (1979) presented some results for the distribution behind a rubble mound structure, and linear and exponential distributions had been anticipated from photographic and video images of waves overtopping vertical seawalls. Knowing what distributions might be expected is important for two reasons. It was necessary to have a good approximation during the design of the tanks, but it is especially useful when estimates of the discharges falling between the tanks during the analysis of the data are required. The logarithmic spatial distribution of the overtopping discharge, according to Jensen & Sorensen, for the maximum predicted discharge, is shown in Figure 6 . This shows overtopping volumes in 0.25m sections across the promenade, where the darker sections are those captured by the tanks and the lighter those not captured. This distribution, in principal, provides a means of estimating the total volume of overtopping. 
Field measurements at Samphire Hoe
The assessment of the occurrence of potential overtopping storms began with a close examination of the weather forecast during the preceding week, and a more detailed study of the hazard warning system at Samphire Hoe during the final 48 hours before the anticipated storm. The general criteria for suitable storms (for these measurements) at Samphire Hoe are a low pressure system travelling across the Atlantic with a steep pressure gradient arriving over the English channel. This will generally ensure that minimum wind speeds of 8~10m/s can be expected with wind directions between 150¡ and 240¡. These conditions will generally produce wave heights of Hs > 2m, which is sufficient to cause overtopping at the monitoring site. During the winter and spring of 2003 there were few storms during this season that caused overtopping at Samphire Hoe, but weather forecasts suggested two occasions when it was useful to deploy the monitoring equipment at Samphire Hoe. The first visit was during March '03 where one storm was monitored on the 10 th , and the second visit was during May '03 when storms were monitored on the 1 st & 2 nd . A range of conditions were encountered during these visits, and overtopping varied from light spray to high discharges from waves impacting violently on the seawall. For simplicity the three monitored storms will be referred to simply as Storm 01 (10 March), Storm 02 (1 May)& Storm 03 (2 May).
During Storm 01 overtopping water was seen to appear regularly over the top of the parapet wall, but this was in general sporadic and was spread along the length of the western splay wall. Those discharges that did pass over the top of the parapet wall were blown widely across the promenade as spray by high wind velocities, but no measurable quantities of overtopping discharge entered into the tanks. A conservative estimate of the mean overtopping discharge rate for this storm would be of the order of say 0.05l/s.m. As discussed by Franco et al. (1994) and Allsop et al. (2003) , this overtopping rate should normally be considered as hazardous, where a tolerable discharge rate of around 0.03l/s.m is considered an upper limit for public safety. On this occasion the presence of the high wind velocities meant that the discharges were more unpleasant than they were hazardous, distributed as they were over a large area.
During the early stages of Storm 02 the wind speeds were at force 7, resulting in similar plumes of spray witnessed during the earlier storm. Predicted overtopping discharge rates are shown in Figure 7 against the water level for this storm. From Figure 7 it can be seen that a maximum overtopping discharge of approximately 1.4l/s.m was predicted at 12:00, but a peak discharge of 0.28l/s.m was recorded during the storm. This discrepancy is partially explained by the presence of the high winds, as most of the overtopping discharges were being blown across the seawall promenade and not falling into the overtopping tanks. Nevertheless, the conditions in the area immediately behind the parapet wall were considerably more hazardous than during the previous storm.
As can be appreciated from Figure 1 , Samphire Hoe is a large area, and depths of water in front of the seawall vary considerably along its 2km length. As a consequence, the depth of the berm in front of the seawall also varies, with different sections being exposed as the water level changes. Generally, the ratio between the depth of water in front of the berm and that over it, will affect how and when a wave overtops. At the corner of the seawall, to the right of the white box in Figure 1 , the berm is deeper than at the measurement site. For Storm 03 there were very high winds during the early stages of the storm, and observations were made in this area when plumes of overtopping water were being blown over distances in excess of 100m. Considerable quantities of this discharges were falling directly behind the parapet wall, where individual discharge volumes of between approximately 300l/m and 500l/m were estimated. If it is assumed that this represents about half the water in each overtopping event, then the remaining half was being blown across areas of the order of 3000m The volumes of water landing across the promenade became less severe on each tier, with the least landing on the top tier. It was decided that the only way to gain an improved scientific understanding of the potential hazards involved, was to stand directly in the path of the overtopping plume. It was agreed that standing on the top tier was equivalent to standing in a very heavy rain shower. Towards the lower tier, where it was still considered to be reasonably safe, the experience was similar to that which might be expected during a heavy hailstorm accompanied by a firm push on the back. Under these conditions, any unprepared people would be at high probability of being knocked over. Conditions directly behind the parapet wall were too hazardous to be approached closely. Later, when the water level had risen far enough to bring the overtopping to the measurement site, the wind speeds had become insignificant. Without the winds the overtopping discharges were being directed vertically upwards and coming down in the area directly behind the parapet wall. The peak discharges measured during the storm were in excess of 3.0l/s.m, which is two orders of magnitude greater that the tolerable limit for public safety at 0.03l/s.m, but the presence of the wind changed the nature of this hazard significantly.
Analysis and discussion
A brief description of pertinent methods and results will be given here and a more comprehensive account is given by .
Each of the storms, specifically Storms 01 & 02, lasted several hours, and the water levels and wave conditions changed throughout this time. To allow for this, the measurements have been divided up into 1/2 hour periods. Each 1/2 hour period was assessed separately, and the recorded mean discharges were compared with Besley's (1999) predictions for mean overtopping discharges for a composite vertical wall. Strictly speaking, this techniques is not wholly correct, as the Samphire Hoe seawall is actually slightly battered, stepping back as it does in three distinct sections. Nonetheless, they do provide an adequate means of comparing the results to known methods for these types of structures. Increased factors of 1.3 & 1.4 for walls battered to 10:1 & 5:1, respectively, are given by Bruce et al. (2001) , and it is probable that these could be applied to composite structures, too.
Having established the individual overtopping discharges in each of the tank compartments, it was first necessary to approximate the discharges that had fallen outside of the tanks. Only then could a realistic comparison be made. It will be recalled from above, that the anticipated spatial distribution of the discharges might be similar to that described by Jensen & Sorensen (1979) . Whilst this serves as a useful description, more often the actual behaviour was very different. For example, from the account of Storm 03 given above, it is noted that the overtopping discharges were often directed vertically upwards and came down directly behind the parapet wall, with the result that discharges were only captured in the front two tank compartments. For other events there was little difference among the volumes collected in the front four compartments For the analysis of the data a trapezoidal distribution of the individual volumes was assumed between the recorded data points and the back of the promenade 23.2 m from the seawall crest. The trapezoidal distribution of a large discharge is shown in Figure 8 , which shows overtopping distributed across all 6 tank compartments. Different distributions were assumed depending on how many tanks received a discharge, but each assumed this basic approach. In effect, the missing water was calculated between compartments 2 & 3, 4 & 5 and from the end of 6 to the point at 23,200mm in front of the recurve as appropriate. When the last discharge was in compartments 1, 3 or 5 then the distribution would stop at that point. The total discharge is therefore the sum of the discharges in the tanks and the interpolated discharges between the tanks. A comparison of the difference between a trapezoidal (1540l/m) and a logarithmic discharge (4540l/m) is also shown in Figure 8 for the same captured volumes, and it is clear from this example that the trapezoidal distribution is a more realistic approximation. The analysed results of Storm 02 are shown in Figure 9 , and those for Storm 03 are shown in Figure 10 . These figures compare the field measurements with Besley's (1999) empirical overtopping prediction method for a composite vertical seawall. It is clear that they show that the general behaviour over the valid range is in agreement with the predictions. The most significant observation that can be made is that the data are slightly below the prediction line in Figure 9 but more or less on the prediction line in Figure 10 . This should be expected as much of the overtopping water was being blown across the promenade during Storm 02, and so therefore the captured overtopping will be below that predicted. However, for Storm 03 the wind had little or no affect on the overtopping plumes, and so we see a good agreement with the prediction.
Conclusions
The methods for capturing overtopping discharges and recording the individual wave-by-wave volumes during field measurements have been described. The monitoring equipment at this site was deployed during three storms that yielded wave overtopping. Measurements from these storms identify mean and peak overtopping discharges.
During the storms qualitative descriptions of the hazards posed by the discharges were made. It was noted how the presence of the wind affects the way that hazard might be assessed. In particular, when wind velocities are high the falling discharges are much less hazardous than when wind velocities are low.
The data processing used a trapezoidal method of approximating the missing data between the tank compartments. This trapezoidal method is a first calculation of the total overtopping discharge, and more sophisticated techniques may improve the calculation of the total volumes. Nonetheless, there is an excellent agreement between Besley's (1999) prediction and the recorded data, which supports the conclusions of Pearson et al. (2001) , that there are little or no scale affects between laboratory and field measurements.
